[1] A conceptual model is proposed, where Saturn can impose its rotation period in a noncorotating magnetosphere, as observed by Pioneer 11, Voyager 1 and 2. The fundamental hypothesis for this so-called ''Camshaft model'' is that Saturn has an equatorial anomaly, likely to be magnetic. It is restricted in longitude, and the source is yet to be detected. This longitudinal asymmetry is equivalent to a variation of pressure for the magnetospheric subcorotating plasma, and therefore as the planet rotates, a compressional wave is generated. That is, we use the MHD fast mode, which can propagate across the magnetic field, rather than the transverse mode for momentum transfer from the planet to the magnetospheric plasma. The wave propagates radially outward across the background magnetic field, inducing a motion in the plasma that is decoupled from and superposed on its azimuthal motion. Consequently, as the planet rotates, magnetic field observations fixed in an inertial frame would present a periodic signature with the planetary rotation period. This is true at each local time, independently of the level of plasma subcorotation. We then show that the Camshaft model accounts very well for the previously reported observations of spin-periodic perturbations in Saturn's magnetic field. Finally, we consider the perturbation magnetic field (obtained by subtracting only the model planetary field from the observations) measured by Pioneer 11 while outbound, and find its orientation consistent with the Camshaft model once the propagation delay of the compressional wave is included.
Introduction
[2] Periodic perturbations in Saturn's magnetic field, with a period close to that of planetary rotation, were recently reported by Espinosa and Dougherty [2000, 2001] . Although initially observed only in the data from Pioneer 11 (whole encounter) and Voyager 2 (inbound), Espinosa et al. [2003] re-analyzed all the magnetic field data in view of these results and found that such perturbations are in fact present throughout all available observations, with the exception of those from Voyager 2 outbound. Such spinperiodicities were rather unexpected, since on the basis of the same data Saturn's intrinsic magnetic field has been modeled as mainly dipolar, axisymmetric and without tilt angle between the dipole and rotation axes (from the 'Z 3 + ring current' [Connerney et al. [1982 [Connerney et al. [ , 1983 and 'SPV' [Davis and Smith, 1990] models). We do not wish to question the basic validity of these two models here. Indeed, as was shown by Espinosa et al. [2003] , we ruled out a dipole tilt as a possible cause for the observed spinperiodic perturbations. That is, the magnetic field is found to rotate anticlockwise about the Àq axis (in a planetocentric spherical polar coordinate system), which is the opposite of a dipole tilt signature. No explanation for this feature was found so far. The spin-periodic signature in the magnetic field data from Pioneer 11 was previously discussed by Jones et al. [1997] , although in the context of a possible dipole tilt, therefore in contradiction with our results.
[3] In the following, we aim to describe the configuration of the magnetic field implied by the spin-periodic observa-tions (by using as far as possible the magnetohydrodynamic theory). The magnetic flux is assumed frozen in to the plasma that was found subcorotating in most of the magnetosphere (outside of L = 5.5 and 7 for Voyager 1 and 2, respectively [Richardson, 1986] ), and therefore the magnetic field is expected to lag corotation (equivalent to B f < 0 for observations above the equator). This necessarily implies that the ionosphere is also lagging corotation since the ionospheric j Â B force opposes the atmospheric motion in order to transfer planetary angular momentum to the magnetosphere, and so this is a self-limiting mechanism [Hill, 1979] . In such a scenario any feature frozen to the local plasma will inevitably have a rotation period longer than that of the planet.
[4] We are then faced with two problems. Firstly, some periodic perturbations, with a period close to that of planetary rotation, have been observed in Saturn's magnetic field, throughout the magnetosphere. Secondly, the azimuthal component of the field observed above the equator was positive for periods of several hours [see Espinosa et al., 2003] , indicating a configuration in which the magnetic field leads corotation, which is in contradiction with the observations of subcorotating plasma. As long as one accepts that the plasma angular speed is lower than Saturn's angular frequency, at least in the middle and outer magnetosphere, there exist two problems of which neither can be solved by invoking momentum transfer from the planet's ionosphere to the magnetospheric plasma by the transverse mode (i.e. Alfvén waves) along the planetary magnetic field, the first mechanism one would think of for coupling the distant magnetosphere and the planet. In addition, the j Â B force can at best accelerate the plasma up to corotation, but not faster and therefore cannot cause a 'B f > 0' configuration.
[5] Of course, one can imagine scenarios involving transient bursts of super-rotation. For instance, as a result of a magnetospheric compression by a solar wind enhancement, the plasma near noon is pushed inward. The consequence might then be (from angular momentum conservation) that some flux tubes lead corotation (if the forces present are primarily radial). Nevertheless, this seems highly unlikely to give the observed spin-periodic magnetic perturbation.
[6] How else can we proceed? The immediate possibility that should be considered for momentum transfer is the second MHD mode, that is the fast (compressional) mode, which can propagate across the background magnetic field [e.g., Southwood and Hughes, 1983] . Here we develop a scenario which looks at the effect of this mode of wave propagation where there is a source rotating with the planet. Signals are then found radiating outward from the equator in a direction perpendicular to the magnetic field. By this means a spin-periodic modulation of the field could be obtained.
The ''Camshaft Model''
[7] Our hypothesis is that Saturn presents an anomaly (possibly, indeed likely to be magnetic), undetected directly as yet, restricted in longitude and located near the equator of the planet (this latitudinal location is a simplifying assumption, which is further considered in section 5). This longitudinal asymmetry is equivalent to a variation of pressure for the magnetospheric subcorotating plasma, and therefore, as the planet rotates, a compressional wave is generated. As shown in Figure 1 , this configuration is similar to that of a rotating shaft to which a cam is fastened: a classic technique to transform rotary motion into reciprocating motion.
[8] The wave generated propagates radially outward across the background magnetic field, inducing a motion in the plasma that is decoupled from and superposed on its azimuthal motion (the latter is due to the magnetic field being frozen in to the plasma). Consequently, as the planet rotates, magnetic field observations at a given local time would present a periodic signature with the planetary rotation period to a stationary observer. This is true at each local time, independently of the level of plasma subcorotation. In other words, an observer fixed in an inertial frame, facing one side of the planet and seeing plasma 'pushed' outward (compression phase), will see plasma 'pulled' toward the planet half a rotation later (depression phase), as a consequence of the reciprocating motion. In between, the plasma moves toward the compression region in order to complete the cycle (the observer, still fixed in local time, will see the plasma move westward before and eastward after the compression front), as illustrated in Figure 2 where Static view of the perturbation, i.e. represented in a corotating system (fixed to the planet), at four locations around the planet, therefore each presents a different phase of the compression cycle: '1' is the compression front, '2' the eastward motion, '3' the depression phase, and '4' the westward motion. This does not describe a global flow pattern rotating with the planet because the perturbation is local, and presents a different phase at each local time.
the different phases are shown from a static viewpoint, i.e. in a frame corotating with the planet.
Explanation of the Spin-Periodic Magnetic Field Observations
[9] In this section we show that the Camshaft model accounts for the various results from the analysis carried out by Espinosa et al. [2003] , and in particular provides an explanation for the two problems raised in section 1, about the spin-periodic perturbations, as well as for the sense of rotation of the magnetic field.
[10] The four phases noted in Figure 2 occur successively for an observer fixed in an inertial frame. The side-view and top-view of the different phases are shown in Figure 3 . Note that after one cycle, it is not the same flux-tube back to phase one because the plasma is subcorotating. Instead, the compression wave perturbs the medium with the spinperiodicity of the planet, regardless of which flux-tube is at the location of the observations.
[11] The key aspect of the cyclic motion described above is that it is superposed on and, as concerns a stationary observer, decoupled from the azimuthal motion of the magnetic field and the plasma. Figure 4 shows the magnetic disturbance expected for one complete cycle, which corresponds to one planetary rotation (this is obtained by grouping the four phases noted in Figures 2 and 3) .
[12] Therefore this scenario based on a compressional wave provides an explanation for the first problem raised in section 1, namely that observations in the middle and outer magnetosphere exhibit spin-periodic perturbations in the magnetic field, in spite of the subcorotating plasma. Furthermore, note from Figure 4 that the sense of rotation of the Figure 2 . Now, instead of considering four simultaneous observations at different locations, the viewpoint is fixed in an inertial frame so that the four phases occur successively. After one cycle, it is not the same flux-tube back to phase one because the plasma is subcorotating. Figure 3 ) and the field rotates once, anticlockwise, at a given location. magnetic field observed locally is anticlockwise, hence the model satisfies this essential characteristic of the perturbation, which would not be met by a dipole tilt source [Espinosa et al., 2003 ].
[13] The 'Camshaft model' also accounts for the second problem mentioned in the Introduction, namely the periods of B f > 0. Here, this configuration of the azimuthal component is just phase '2' of the compression cycle, when the plasma moves eastward after the passage of the compression front (this does not necessarily imply superrotation, it depends on the 'unperturbed' level of plasma subcorotation).
[14] The perturbation magnetic field (obtained by subtracting the model planetary field from the observations) observed by Pioneer 11 presents a cycloidal configuration when projected onto the equatorial plane [see Espinosa et al., 2003, Figure 8 ]. The signature is clearest during the outbound pass, when the spacecraft remains at almost constant local time (near the dawn meridian), just a few degrees above the rotational equator (the outbound ring plane crossing occurred at 2.77 Rs). As shown in Figure 5 , this cycloid can be explained using the Camshaft model by simply combining the rotation of the perturbation field illustrated in Figure 4 , with the outward motion of the spacecraft.
[15] The fact that the inbound and outbound observations of the perturbation from Pioneer 11 were found to be in phase (the actual phase difference between the two fitted sinusoids is not zero, but 3p/8, very close to the angle between the inbound and outbound sections of the trajectory) comes as a consequence from the planetary rotation. That is, the compression wave is generated first in the dawn region (P11 outbound pass), then the planet rotates by about 3p/8 and the noon region is perturbed (P11 inbound pass).
[16] Regarding the apparent modulation of the magnetopause position at dawn, observed in the case of Pioneer 11 outbound [see Espinosa et al., 2003, Figure 9 ], we propose that it could be the boundary response to the compression cycle. Effectively, the magnetopause appears to move outward during the predicted periods of positive ÁB r , that is when the magnetospheric field points away from the planet. One possibility is a variation of internal pressure due to the magnetic field and the plasma 'pushing' the boundary outward once per planetary rotation [Espinosa and Dougherty, 2001] . Figure 6 is an illustration of this scenario, and uses the six first boundary crossings to show the internally driven modulation of the magnetopause location with an approximate equatorial view of the Pioneer 11 trajectory.
The shape of the boundary is only indicative and some of the distances and times of the crossings were obtained from Smith et al. [1980] and Van Allen et al. [1980] . The dashed line represents the average position of the boundary and the thick arrows show the inferred motions. The curved line inside the magnetosphere symbolizes another feature of the model. The compression front propagates outward as the planet rotates, hence phase fronts resemble an Archimedean spiral. The compression front is shown only from the second plot because the magnetopause motion cannot be inferred for the first crossing.
Propagation Delay
[17] The Archimedean spiral structure mentioned in the previous section means that the perturbation observed at two different planetocentric distances (and at the same local time) will not have the same phase. One can see this as due to the propagation delay of the compressional wave. This can be estimated by calculating the Alfvén speed. For instance, if a spacecraft moves away from the planet, the time delay between two successive observations of the same phase of the perturbation is the sum of one planetary rotation period plus the time it takes to the compression wave to catch up with the spacecraft. This delay means that at the second observation of a particular phase, the subspacecraft longitude has changed, and the difference can be estimated if the spacecraft and Alfvén speeds are known. Although this is a relatively straightforward calculation, the very limited knowledge of the plasma conditions (i.e. the spatial and temporal variations of the plasma density) in the magnetosphere precluded our obtaining any useful information. Instead, we tried to examine this assumed propagation delay in a more visual manner, by using the Pioneer 11 outbound magnetic field data (of course, an illustrative approach may be more subjective, but hopefully gives useful information by keeping the results more into context). The Pioneer 11 longitude is updated, using Saturn's rotation period defined by Desch and Kaiser [1981] and the formula therein.
[18] Figure 7 shows a polar plot of the trajectory projected onto the equatorial plane together with the perturbation magnetic field, which is plotted with a colour code. That is, 'green' is when the field points almost exactly away from the planet (normalized scalar product of the projected position and magnetic field vectors greater than 0.95), 'red' toward the planet, 'blue' otherwise, and 'grey' beyond 24 Rs (because afterward B r and B f are in antiphase). On top of this is shown the compressional wave traveling at the Alfvén speed that we use as an estimation of the actual speed (we ignore the ion sound speed contribution because of the large mass of the magnetospheric ions, principally oxygen as mentioned below). The longitude corresponding to a particular phase of the wave changes with distance, describing an Archimedean spiral. The compression front is shown (region where the field and plasma are 'pushed' outward, i.e. 'phase 1' as previously shown), as well as the depression region (field and plasma 'pulled' inward, i.e. 'phase 3'). The compression and depression spirals cross the green and red regions, respectively, and therefore as predicted by the Camshaft model, there is a good correlation between the longitude variation of the perturbation's phase Figure 5 . Combination of the anticlockwise rotation of the perturbation field (with the four phases as in Figure 4 ) and the outward motion of the observer during the compression cycle, resulting in a cycloid. and the Pioneer 11 observations. The longitude at which the perturbation is generated is chosen arbitrarily in order to fit the compression spiral to the first green section, and the depression spiral starts with a 180°longitude difference.
[19] The Alfvén speed is obtained using the Pioneer 11 magnetic field data, and the plasma densities are estimated from Figure 8 in the paper by Frank et al. [1980] . From 1 to 8 Rs, 16 cm À3 oxygen ions, and from 8 Rs outward, 0.15 cm À3 oxygen +0.35 cm À3 hydrogen. This a rather crude approximation of the plasma density, hence a range of values is considered for both radial sections (again from Figure 8 of Frank et al. [1980] hydrogen. An uncertainty sector in the polar plot can be delimited by combining the extremes of these ranges, as shown in Figure 8 . The central spiral is the same as in Figure 7 , and the spiral that winds more (less) corresponds to the higher (lower) plasma densities or lower (higher) Alfvén speed. Effectively, this range of values accounts for a larger sector of the green region.
Discussion
[20] We presented a mechanism by which Saturn can impose its rotation period in a magnetosphere that is not fully corotating, thereby explaining the observations of spin-periodic perturbations in Saturn's magnetic field reported by Espinosa et al. [2003] . This mechanism has been named the 'Camshaft model' by analogy with the mechanical device.
[21] The fundamental hypothesis for our model is that Saturn presents an equatorial anomaly (likely to be mag- Figure 6 . Equatorial projection of Pioneer 11 trajectory and magnetopause crossings. The dashed line represents the average position of the boundary and the thick arrows show the inferred motions. The curved line inside the magnetosphere symbolizes the compression front that propagates outward as the planet rotates. Also indicated is whether the spacecraft goes 'IN' or 'OUT' of the magnetosphere. The magnetopause subsolar point is arbitrarily chosen to remain at constant distance. netic) restricted in longitude and undetected directly as yet. This longitudinal asymmetry is equivalent to a variation of pressure for the magnetospheric subcorotating plasma, and therefore as the planet rotates, a compressional wave is generated. That is, we use the MHD fast mode, which can propagate across the magnetic field, rather than the transverse mode for momentum transfer from the planet to the magnetospheric plasma. The wave propagates radially outward across the background magnetic field, inducing a motion in the plasma that is decoupled from and superposed on its azimuthal motion. Consequently, as the planet rotates, magnetic field observations fixed in an inertial frame (i.e. as concerns a stationary observer) would present a periodic signature with the planetary rotation period. This is true at each local time, independently of the level of plasma subcorotation.
[22] Following the presentation of our conceptual model, we showed that it accounts very well for the various results from the analysis carried out by Espinosa et al. [2003] . For further testing, we then included in our scenario the propagation delay of the compressional wave (phase fronts resemble an Archimedean spiral), and found it consistent with the orientation of the perturbation magnetic field observed by Pioneer 11 while outbound.
[23] Here, the description of the hypothetical anomaly has purposefully been kept conceptual and the magnetic field analysis remained qualitative rather than quantitative, in order to place the emphasis on the innovative approach of momentum transfer from the planet to the magnetosphere, via MHD waves in the fast mode. Naturally, there are complementary analyses to be carried out. First of all, one should characterize further the required anomaly (its nature, strength, geometry and location). It is important to realize that it is perfectly reasonable to assume a longitudinal asymmetry in the planetary magnetic field, given the modulation with the planetary rotation period observed in the Saturn Kilometric Radio (SKR) emissions [e.g., Kaiser et al., 1984] , the UV aurora [e.g., Bhardwaj and Gladstone, 2000] , the energetic particle data [Carbary and Krimigis, 1982] , and the spoke activity in the B ring [e.g., Grün et al., 1992] . Since the SKR and the UV aurora originate at high latitudes and the spokes of the B ring occur on mid-latitude magnetic field lines, if they are both related to the same surface feature, it cannot be too localized in latitude.
[24] In addition, the sampling of the planetary magnetic field in terms of latitude and longitude coverage at close range is very limited [e.g., Connerney et al., 1984] . On that basis, Dessler [1985] estimated that a magnetic anomaly in the northern hemisphere of Saturn, covering a region about 0.1 Rs in radius with a field strength of about 0.1 Gauss (that adds to or subtracts from the main field) could not be detected by any of the passing spacecraft. Also, Galopeau et al. [1991] showed an evidence of a high latitude anomaly in Saturn's intrinsic magnetic field from the SKR high-frequency limit (see the subsequent comment and reply [Connerney and Desch, 1992; Galopeau and Zarka, 1992] ).
[25] We initially considered an equatorial anomaly for the Camshaft model, but in view of the elements mentioned above, one should investigate the consequences on the model of a high latitude anomaly, as well as look for correlations (e.g. in longitude, latitude, local time) between the data sets presenting a spin-periodicity, as mentioned Figure 7 . Polar plot of Pioneer 11 trajectory projected onto the equatorial plane, together with the colour coded perturbation magnetic field (1 min averaged data, some bad data points omitted for clarity): 'green' for the field pointing away from the planet, 'red' toward the planet, 'blue' otherwise, and 'grey' beyond 24 Rs. On top of this is shown the compressional wave traveling at the Alfvén speed. The compression and depression spirals are shown, crossing the green and red regions, respectively, in accordance with the behaviour predicted by the Camshaft model. above, and the magnetic field observations, in spite of the longitude smearing due to the uncertainty placed on the planetary rotation period [e.g. Espinosa et al., 2003] .
[26] A different argument for an off-equatorial position of the anomaly is that the magnetospheric plasma is expected to be near or at corotation in the inner magnetosphere (as reported by Eviatar and Richardson [1986] for the Voyager observations), that is fixed in a corotating frame, and therefore the plasma would not experience a longitudinal asymmetry. One possibility is that the anomaly should be at a latitude high enough so that the corresponding flux-tube crosses the equator far enough from the planet, where the plasma is subcorotating (r ! 6 Rs), so that the flux-tube could constitute the variation of pressure causing the compressional waves. Also, one should investigate whether the magnetic anomaly location and strength are constrained by the charged particle observations of satellite and ring absorption signatures [Van Allen et al., 1980] .
[27] Another important aspect to be considered is that the fast mode is isotropic, so one should detail how the compressional wave spreads in azimuth and/or latitude and why it propagates out to the magnetopause without significant damping. Also, in order to obtain the spirals shown in Figures 7 and 8 , we assumed that the wave was propagating exactly radially away from the planet, whereas the azimuthal motion of the propagation medium (i.e. the plasma) is in reality superposed, effectively unwinding the spirals. Any future development of the Camshaft model should take this effect into account and check whether it compromises the fit of the spirals to the data.
[28] One should also assess why such spin-periodicities are not observed at earth or Jupiter, where the internal magnetic field has anomalies, although the magnetospheric dynamics are quite different. In the case of the earth, only the plasmasphere is in co-rotation, and at Jupiter the wobbling of the current sheet due to the magnetic dipole tilt may be masking possible spin-periodicities of the same type as those reported here for Saturn. Vasyliunas and Dessler [1981] found that both a dipole tilt and a corotating magnetic anomaly are necessary to explain the several spin-periodic phenomena observed by the Voyager spacecraft at Jupiter [see also, e.g., Hill et al., 1983] . A model of corotating plasma convection pattern (based on the presence of a high-latitude magnetic anomaly) has been developed for the Jovian magnetosphere in order to explain some of the observed spin-periodicities [Vasyliunas, 1978; Hill et al., 1981] , while Espinosa [2001] showed qualitatively that this type of plasma convection is an unlikely cause of the magnetic spin-periodicities observed at Saturn.
[29] Although one section of the magnetic field data from Saturn does not present any spin-periodic perturbation (Voyager 2 outbound), the spacecraft was at relatively high south latitudes while outbound (around 30°), and Saturn's magnetosphere may have substantially expanded during the Voyager 2 encounter, as a result from the possible immersion of Saturn in the extended Jovian magnetotail [Behannon et al., 1983] . This configuration may have damped the perturbation.
[30] Hopefully, the Cassini spacecraft (part of the joint NASA/ESA Cassini-Huygens mission to Saturn and Titan, arriving at Saturn in July 2004) will provide a nonambiguous detection of a planetary longitudinal asymmetry, ideally in the magnetic field data, and assess conclusively the validity of the Camshaft model.
